Abstract Biosynthesis of the tryptophan tryptophylquinone (TTQ) cofactor activates the enzyme methylamine dehydrogenase. The diheme enzyme MauG catalyzes O-atom insertion and cross-linking of two Trp residues to complete TTQ synthesis. Solution optical and Mössbauer spectroscopic studies have indicated that the reactive form of MauG during turnover is an unusual bisFe
Introduction
MauG [1] is a c-type diheme enzyme responsible for completing the posttranslational synthesis of the tryptophan tryptophylquinone (TTQ) [2] cofactor of methylamine dehydrogenase (MADH) in Paracoccus denitrificans [3] . TTQ biosynthesis involves O-atom insertion into the indole ring of an already monohydroxylated Trp residue (MADH bsubunit Trp57), oxidation of the resultant quinol to the active quinone form, and covalent linking of this residue to another Trp residue (MADH b-subunit Trp108) [4] [5] [6] . Reaction of diferrous MauG with O 2 , or diferric MauG with 1 equiv of H 2 O 2 , produces the potent oxidant required for TTQ synthesis [1] . MauG is a periplasmic enzyme, and it is unknown whether the physiological substrate is O 2 , which requires reducing equivalents that are scarce in the oxidizing periplasm, or H 2 O 2 , whose periplasmic levels are unknown [although cytochrome c peroxidase (CCP) is present in the periplasm suggestive of some H 2 O 2 being present]. Möss-bauer spectroscopy showed that MauG forms a high-valence Fe(IV)=O/Fe(IV) diheme species [7] . However, detailed geometric and electronic structures of this unique oxidant have not been determined. An X-ray crystal structure of the resting ferric MauG in complex with the precursor MADH substrate, preMADH [8] , revealed a five-coordinate c-type heme with axial N(His) coordination (referred to herein as heme A) and an open coordination site at which O 2 and H 2 O 2 could potentially bind. The second heme site was shown to be a unique six-coordinate c-type heme with His/Tyr axial coordination (referred to herein as heme B) [8] . The importance of the unusual Tyr ligand was demonstrated through mutation to a His, which formed a His/His ligated heme that could neither support a bisFe(IV) redox state nor catalyze TTQ formation [9] . The crystal structure also revealed a large separation between the MauG hemes and the site of cofactor formation in preMADH (Fig. 1) . Upon addition of H 2 O 2 to the crystals, TTQ was generated, demonstrating that this was the structure of the catalytically competent complex [8] . Redox titration studies have shown that the diheme center acts as a single redox unit with both hemes changing oxidation state simultaneously during interconversion between the Fe(II)/Fe(III) [10] and Fe(III)/Fe(IV) [7] states. This large redox cofactor is able to stabilize the bisFe(IV) at remarkable levels, with spontaneous decay occurring over several minutes [7, 11] . This is in stark contrast to all other hydroxylating heme enzymes, where the equivalent high-valence oxidant is fleeting and difficult to observe [12] . Indeed, a sufficient yield for full spectroscopic analysis was only recently accomplished for the long-established compound I intermediate of cytochromes P450 [13] . In the absence of productive catalytic chemistry, the instability of these high-valence species can lead to deleterious oxidative damage of cellular components. To avoid this, many of these enzymes have an ordered kinetic mechanism, in which the potent oxidant is not generated until the organic substrate has bound close to the heme, keeping unintended oxidative damage at acceptable levels [14] . In contrast, MauG exhibits random-order kinetics [11] .
Fe K-edge X-ray absorption spectroscopy (XAS) and the extended X-ray absorption fine structure (EXAFS) have emerged as important spectroscopic techniques for the study of high-valence Fe sites within enzyme catalytic intermediates [15] [16] [17] . In this study, a complete geometric structure determination and electronic structure description of the MauG bisFe(IV) redox state have been undertaken, using a combination of Fe K-edge XAS and EXAFS coupled with density functional theory (DFT) and timedependent DFT (TD-DFT) calculations. Fe K-edge XAS and EXAFS data of the well-understood compound I of CCP (CCP-I) [18] are used to calibrate the ferryl heme A component of the MauG bisFe(IV). With use of the experimental data, theoretical studies are directed towards understanding the electronic structure of the unique Fe(IV) heme B site. These data show that the heme B site undergoes significant structural change [in the Fe-O(Tyr) bond] upon sequential oxidation of the diferrous species to a diferric species and then bisFe(IV). Thus, the heme B Tyr is shown to be an active participant in the remarkable stability of the bisFe(IV) redox state of this unusual diheme cofactor.
Materials and methods

MauG sample preparation
Diferrous MauG was prepared by stirring diferric MauG with a tenfold molar excess of sodium dithionite in an Fig. 1 Spatial arrangement of the hemes and substrate precursor tryptophan tryptophylquinone (preTTQ) site in the crystal structure of MauG/precursor methylamine dehydrogenase (preMADH). MauG (pink) and preMADH (gray) chains are shown as a cartoon, with the hemes and preTTQ site of one half of the 2:1 MauG-preMADH complex in stick representation anaerobic glove box for approximately 30 min. UV/vis spectroscopy showed that conversion to diferrous MauG was complete. The diferrous MauG sample was loaded into XAS cells, which were minimally exposed to air during flash cooling. The final concentration for the two samples was 2.0 mM diferrous MauG and 2.1 mM diferric MauG, in 50 mM potassium phosphate pH 7.5 with 25 % glycerol. Samples for XAS evaluation of the time course of Fe(IV)=O/Fe(IV) MauG formation (and decay) were prepared in a cold room maintained at 277 K. An aliquot of a 0.1 M H 2 O 2 solution in water (11 or 12 lL) was placed in an XAS cell with 37-lm X-ray-transparent Lucite tape windows. Concentrated diferric MauG (68 lL of 1.5 or 1.65 mM stock in 50 mM potassium phosphate pH 7.5, with 5 % glycerol) was added and the reaction sample was mixed by aspiration in the syringe. The reaction time was manually controlled, with flash cooling of the samples in liquid nitrogen. The final reaction volumes contained initially either 1.4 mM MauG with 15.0 mM H 2 O 2 (i.e., 10.7-fold excess) and 4.3 % glycerol or 1.3 mM MauG with 13.9 mM H 2 O 2 (i.e., 10.8-fold excess) and 4.3 % glycerol. CCP-I was prepared as described previously [18] .
Fe K-edge XAS
The Fe K-edge X-ray absorption spectra of MauG [diferrous, diferric, and Fe(IV)=O/Fe(IV)] and CCP-I samples were obtained at the Stanford Synchrotron Radiation Lightsource on the unfocussed 20-pole 2-T wiggler sidestation beam line 7-3 under standard ring conditions of 3 GeV and approximately 200 mA. A Si(220) doublecrystal monochromator was used for energy selection. A Rh-coated harmonic rejection mirror was used to reject the components of higher harmonics. During data collection, the samples were maintained at a constant temperature of approximately 10 K using an Oxford Instruments CF 1208 liquid helium cryostat. Fluorescence mode was used to measure data to k = 17 Å -1 using a 30-element Ge solid-state detector windowed on the Fe Ka signal. Internal energy calibration was accomplished by simultaneous measurement of the absorption of an Fe foil placed between two ionization chambers situated after the sample. The first inflection point of the foil spectrum was assigned to 7,111.2 eV. The oxidized samples (ferric and highvalence samples of both MauG and CCP) were monitored for potential signs of photoreduction, and rapid photoreduction was observed in the diferric form of MauG and high-valence forms of MauG and CCP. To eliminate the effects of photoreduction, the monochromator was detuned by 20 %, and data were collected from several different spots on the sample, of which only the first scan of each spot was used in the analysis. The data represented here are eight-scan, 11-scan, and nine-scan averages for diferrous MauG, diferric MauG, and CCP-I, respectively. For the time course measurements, four-scan to eight-scan average spectra were collected. The data were processed by fitting a second-order polynomial to the pre-edge region and subtracting this background from the entire spectrum. A fourregion spline of orders 2, 3, 3, and 3 was used to model the smoothly decaying postedge region. The data were normalized by subtracting the cubic spline (PySpline) [19] , and by fitting a polynomial of order zero to the postedge, then dividing the entire spectrum by this constant (KaleidaGraph).
Least-squares fits were performed using the EDG_FIT program [20] to quantify the intensity and energy of the pre-edge feature. The pre-edge features were modeled using 1:1 Lorentzian-Gaussian pseudo-Voigt functions. The rising-edge background was modeled using a pseudoVoigt function, which mimics the white line associated with the edge transition. Additional pseudo-Voigt peaks were also used to mimic shoulders on the rising edge. The data were fit over several different energy regions. The least-squares error and a comparison of the second derivatives of the data and fit were used to determine the goodness of fit. The standard deviations in energy and intensity over all successful fits were used to quantify errors in these parameters. 
FEFF modeling
Theoretical EXAFS signals v(k) were calculated using FEFF (Macintosh version 8.0) [21] [22] [23] [24] and models based on the crystal structures of CCP-I and diferric MauG [8, 18] . Initial models were fit to the data using EXAF-SPAK [20] . The theoretical models were refined on the basis of the initial fits, and a new set of theoretical v(k) were calculated, using the preliminary structural parameters obtained from the initial fits and FEFF. The data were refit using the new parameters. The structural parameters varied during the fitting process were the bond distance (R) and the bond variance (r 2 ), which is related to the Debye-Waller factor that results from thermal motion and static disorder. The nonstructural parameter E 0 (the energy at which k = 0) was also allowed to vary, but was restricted to a common value for every component within a given fit. Coordination numbers were systematically varied in the course of the fit, but were fixed within a given fit.
In the case of MauG, fits were performed with theoretical parameters from both the heme A site and the heme B site. In the case of the heme B fits, the first-shell paths calculated from the heme A model were also included in the available list of paths to mimic contributions from the heme A site. Theoretical EXAFS signals v(k) were also calculated using the DFT-optimized structure and fits to the MauG and CCP data sets. No changes in the final fit bond distances were observed, and insignificant changes were observed in the Debye-Waller-factor-related bond variance r 2 for the different paths.
Density functional theory
Gradient-corrected, spin-unrestricted, broken-symmetry, density functional calculations were performed using the ORCA (2.7.0) package [25, 26] on two eight-CPU Linux clusters. The Becke88 [27, 28] exchange and Perdew86 [29] correlation nonlocal functionals were employed. The coordinates obtained from the crystal structure of diferric MauG [8] (Protein Data Bank code 3L4M) were modified to generate the starting models for the Fe(II), Fe(III), and high-valence Fe(IV)=O species at the heme A site, and the Fe(II), Fe(III), and Fe(IV) species at the heme B site. The porphyrins in both heme A and heme B were truncated and modeled by octamethylporphyrin groups. The axial His ligand was truncated to 4-methylimidazole, and the axial deprotonated Tyr was truncated to 4-methylphenolate (4MP). The core properties basis set CP(PPP) [25, 30] (as implemented in ORCA) was used on the Fe, and the Ahlrichs all-electron triple-f TZVP basis set [31, 32] was used on all other atoms. The use of the CP(PPP) basis set in TD-DFT calculations has been shown to work well for metal centers [33, 34] . DFT calculations were also performed by systematically varying the functional, basis set, and dielectric constant, but this variation made no significant difference to the results presented here. Löwdin spin densities were obtained for the Fe(IV) heme A and Fe(IV) heme B sites using the hybrid functional B3LYP for comparison with the pure BP86 functional (Table S1 ). The pure functional (BP86) was chosen because it predicted the geometric structure of the Fe(IV) heme A site with the highest accuracy. A tight convergence criterion was selected. A conductor-like screening model was used, with water as solvent, in all calculations. Population analyses were performed by means of Mulliken population analysis. Wave functions were visualized and orbital contour plots were generated in Molden [35] . The compositions of molecular orbitals and overlap populations between molecular fragments were calculated using QMForge [36] . TD-DFT calculations were performed with the electronic structure program ORCA to calculate the energies and intensities of the Fe K-pre-edge transitions [33, 34, 37] . The tight convergence criterion was imposed on all calculations. The calculated energies and intensities were Gaussian-broadened with half widths of 1.5 eV to account for core-hole lifetime and instrument resolution. The calculated pre-edge energy positions were downshifted by 181.1 eV. This is generally the case, as DFT does not describe core potentials accurately, leading to core levels from TD-DFT calculations being too high in energy relative to the valence levels [34] .
Results
Geometric and electronic structures of diferrous and diferric MauG
Fe K-edge XAS Figure 2 shows the normalized Fe K-edge XAS data for diferrous and diferric MauG. Both spectra have a weak low-energy transition before the rising edge, which is assigned to the electric-dipole-forbidden, quadrupoleallowed 1s ? 3d transition [38] [39] [40] . The intensity and energy position of this weak 1s ? 3d transition is known to be modulated by the oxidation state, bond strength, and spin state of the Fe center [40] [41] [42] . The pre-edge energy position does not change directly with changes in the Fig . 2 The normalized Fe K-edge X-ray absorption spectrum of diferrous (blue curve) and diferric (red curve) MauG. The inset shows the expanded pre-edge region effective nuclear charge Z eff , since the relative change in core versus valence orbital screening is significantly smaller than changes in the energies of valence levels due to bonding. However, bonding changes due to changes in Z eff play an important role to the pre-edge energy position, and this way, the effect of oxidation state is observed. This is directly observed in the similarity in the metal K-and L-edge energy shifts upon oxidation/reduction [41] . The intensity-weighted average energy of diferrous MauG occurs at 7,112.1 eV, and indicates the average energy position of the two heme sites (heme A and heme B). The pre-edge feature for diferric MauG is shifted to higher energy by 0.5 eV and occurs at 7,112.6 eV. EPR data have demonstrated that one of the ctype heme centers in MauG is low spin, with the other high spin, in both the diferrous state and the diferric state [1] .
Since the spin states do not change upon oxidation, the shift in the pre-edge energy position of 0.5 eV indicates a relative increase in ligand field strength in diferric MauG compared with the diferrous enzyme.
The weak Fe K-pre-edge transition is followed by the intense electric-dipole-allowed rising edge, which is predominantly due to 1s ? 4p ? continuum transitions. The rising edge for diferrous MauG occurs at 7,121.9 eV, and is shifted to higher energy by 1.8 eV in diferric MauG, occurring at 7,123.7 eV (as measured by the intensity at half maximum). This increase in the rising-edge energy position reflects the increase in Z eff of the absorbing Fe site, and is consistent with the oxidation of both heme sites on going from diferrous to diferric MauG. Figure 3 shows the non-phase-shift-corrected Fourier transform spectra for diferrous and diferric MauG, and the corresponding EXAFS data, which reflect the typical multiple-scattering beat pattern of heme [43] . FEFF fits were performed on the data over k = 2-15.5 Å -1 , and the first-shell parameter space was explored with different total coordination numbers and split-shell fits in order to minimize the fit factor F (Table S2 ). The second-shell and thirdshell single-and multiple-scattering components were kept constant for the first-shell parameter space search. The best fit for the diferrous MauG data is obtained with a first-shell composed of 4.5 Fe-N/O components at approximately 2.00 Å . 1 Attempts to fit the data with higher first-shell coordination numbers consistently resulted in worse fit factors, and changes in the split-first-shell fits were not significant, being well within the resolution determined by the fit range. The 4.5 Fe-N/O coordination is lower than expected, and indicates either a difference in the number of ligands for the two hemes or a spread of Fe-N/O first-shell ligands, both of which will lower the average coordination number. The best fit to the diferric MauG data was obtained with a short 0.5 Fe-N/O coordination at 1.89 Å and five Fe-N/O at 2 Å . The second and third shells were fit with single-and multiple-scattering components, but were kept constant for the first-shell parameter space test. The final best fits for both data sets are presented in Table 1 and Fig. 4 . The fit results presented in Table 1 indicate two things: (1) the average coordination of the diferric MauG is greater than for diferrous MauG, and (2) a short Fe-O/N at 1.89 Å is present in diferric MauG, 2 which is potentially absent/longer in diferrous MauG.
Fe K-edge EXAFS of diferrous and diferric MauG
Density functional theory
To evaluate the geometric structure obtained from the Fe K-edge EXAFS data analysis, gradient-corrected spinunrestricted DFT calculations were performed on individual models of the heme A and heme B sites generated from the crystal structure coordinates of MauG in complex with preMADH [8] . Calculations were performed on the highspin S = 2 Fe(II) and S = 5/2 Fe(III) forms of heme A, and low-spin S = 0 Fe(II) and S = 1/2 Fe(III) forms of heme B (see Figs. S1 and S2 for optimized structures). The heme A and heme B Fe(II) calculations resulted in a first shell with five Fe-N avg at 2.08 Å and six Fe-O/N avg at 2.00 Å , respectively (Fe-N avg is the average Fe-N distance). From an EXAFS perspective, this approximately 0.08-Å difference between the two sites is significant, and leads to damping of the first-shell wave, explaining why only 4. Fig. 3 Non-phase-shift-corrected Fourier transform (FT) data for diferrous MauG (blue curve) and diferric MauG (red curve). The inset shows the corresponding extended X-ray absorption fine structure (EXAFS) data obtain a good EXAFS fit ( (Fig. 5 ). Both the pre-edge intensity and the rising-edge energy position reach a maximum at a reaction time of 60 s, and then decrease with longer reaction times. Upon oxidation of diferric MauG, the risingedge half maximum shifts to higher energy by approximately 0.9 eV (to 7,124.6 eV), clearly reflecting an increase in oxidation state of the Fe center. The pre-edge energy position increases by approximately 0.8 eV (from 7,112.6 to 7,113.4 eV), reflecting an increase in ligand field strength, and is accompanied by an approximately 81 % increase in intensity. The shifts up in the rising edge and pre-edge energy positions are indicative of formation of the high-valence bisFe(IV) intermediate. The significant increase in the pre-edge intensity is consistent with the presence of a short Fe(IV)=O bond [17, 44] . As a reference for the Fe(IV)=O site in bisFe(IV) MauG, Fe K-edge XAS and EXAFS data were measured on CCP-I. The geometric and electronic structures of CCP-I have been well characterized by optical and X-ray spectroscopies, and recently by high-resolution single-crystal X-ray diffraction [18, [45] [46] [47] [48] [49] . The active site of CCP-I contains an S = 1 (heme)Fe(IV)=O/TyrÁ ? (Tyr cation radical) center, with a short Fe=O bond of 1.69 Å . One of the heme sites (heme A) in bisFe(IV) MauG is, therefore, similar to CCP-I. This has also been demonstrated by Mössbauer studies which show that the bisFe(IV) MauG species has two distinct hemes with d 1 = 0.06 mm/s, DE Q1 = 1.70 mm/s, and d 2 = 0.17, DE Q2 = 2.54 mm/s [7] . The isomer shifts, d, indicate that both hemes are in the Fe(IV) state. The quadrupole splitting, DE Q , and comparative analysis with model complexes were used to identify a ferryl heme at one site, and a unique six-coordinate Fe(IV) electronic structure at the other.
A comparison of the Fe K-edge XAS data of CCP-I and the bisFe(IV) MauG sample shows that the two rising-edge energies are very similar-rising-edge half maxima for CCP-I and bisFe(IV) MauG occur at 7,124.5 and 7,124.6 eV, respectively (Fig. 6 ). This confirms that both Fe sites in the bisFe(IV) MauG sample are predominantly in the oxidized Fe(IV) state and thus are obtained at high yield: the presence of a significant amount of unconverted or decayed Fe(III) would either shift the rising edge to lower energies or result in shoulders on the rising edge.
Quantitative estimate of bisFe(IV) MauG in the XAS sample
The Fe K near-edge and EXAFS data, in conjugation with the DFT calculations, indicate that the sample frozen at 60 s following H 2 O 2 treatment of diferric MauG contains a significant amount of bisFe(IV) MauG. However, since the EXAFS data are insensitive to approximately 15 % contamination of other Fe species, a more quantitative method is used here, based on a combination of kinetics, Fe K-preedge intensities, and TD-DFT calculations.
A pseudo-first-order kinetic analysis was performed for the rate of formation of bisFe(IV) MauG. The expression for the rate of decrease of the concentration of diferric (Fig. S3, panel B) . If there was any significant decay reaction at 60 s, the trace would consist of two exponentials (forward and decay), and the floated coefficient would not be in good agreement with the actual value.
The Fe K-pre-edge transition is an electric-dipole-forbidden and quadrupole-allowed transition, typically approximately 100 times weaker than the dipole-allowed 1s ? 4p transition to higher energy that forms part of the rising edge. The pre-edge feature can gain intensity via metal 3d-4p mixing, due to distortion of the site from centrosymmetry. In a detailed semiquantitative study, Westre et al. [40] have shown that the pre-edge feature of [37] . In these systems, the short Fe-ligand bond allows significant amounts of Fe 3d-4p mixing. This increase in intensity can be exploited to estimate the quantitative conversion of diferric MauG to the bisFe(IV) redox state. Fe K-pre-edge data for CCP-I and bisFe(IV) MauG show that the pre-edge peak occurs at 7,113.4 eV for both species (Fig. 6) , and is shifted to higher energy by approximately 0.7 eV relative to diferric MauG. In contrast, the intensity of the pre-edge feature is significantly diminished in bisFe(IV) MauG relative to CCP-I. Quantitation of the intensity under the Fe K pre-edge (using pseudo-Voigt peak fitting) shows that the pre-edge areas in diferric MauG, bisFe(IV) MauG, and CCP-I are 7.3, 13.2, and 19.2 U, respectively (Fig. S4) .
The decrease in the pre-edge intensity of bisFe(IV) MauG relative to CCP-I is due to the presence of two heme sites, heme A and heme B, which contribute differently to the pre-edge. Heme A forms a high-valence Fe(IV)=O, a species that has been well studied using Fe K-edge XAS [17, 44, [50] [51] [52] , whereas Fe 1s ? 3d TD-DFT calculations have been shown to give good agreement with experimental energies and intensities in bioinorganic Fe model complexes [34, 37] . These spectroscopic and theoretical studies reveal that the short Fe(IV)=O bond leads to a strong C 4v distortion along the z-axis, allowing Fe 4p z mixing into the 3d z 2 orbital, and a corresponding significant increase in the pre-edge intensity. It has also been amply demonstrated that the pre-edge intensity has an inverse correlation with the metal-oxo bond distance [37, 52] . On the basis of the EXAFS data in this study, the short Fe=O bond distance in CCP-I is identical to that in bisFe(IV) MauG. Since both are six-coordinate species with axial N(His) ligation and similar Fe-N bond distances, they are expected to have very similar Fe K-pre-edge intensities, making CCP-I an ideal reference for the heme A site.
In contrast, no reference is available for the unique sixcoordinate heme B of MauG in the Fe(IV) redox state. EXAFS data and DFT calculations presented here indicate that heme B is distorted from the O h limit to a C 4v structure, with the Fe-O(Tyr) distance approximately 0.14 Å shorter than the Fe-N(His) distance. This distortion from centrosymmetry will increase the Fe K-pre-edge intensity from the quadrupole limit of approximately 4 U. Depending on the severity of distortion, an O h complex can have pre-edge intensity close to but lower than that of fivecoordinate C 4v complexes (based on published databases) [40] [41] [42] . Since diferric MauG contains both a distorted O h site and a C 4v site, their average intensity is higher than that of a pure distorted O h complex, i.e., heme B site in bisFe(IV) MauG. Thus, in the absence of a suitable reference, the Fe K-pre-edge intensity of diferric MauG is used as an upper-limit reference for heme B. The average of the two intensities (diferric MauG and CCP-I) gives the upper limit expected for a pure bisFe(IV) MauG sample. Since the average value (13.3 U) is very close to that experimentally observed for the bisFe(IV) MauG sample, near complete conversion of diferric MauG to bisFe(IV) MauG is indicated.
To support this estimation, TD-DFT was used to calculate the Fe 1s ? 3d transition for both Fe sites in diferric and bisFe(IV) MauG. The calculated pre-edge spectra show good agreement with the experimental data, in terms of both relative energy position and intensities (Fig. 7 , Table 2 ). This indicates that the theoretically calculated electronic structures reproduce the MauG hemes' redox These calculated numbers show that the predicted pre-edge intensity for bisFe(IV) MauG is actually lower than the experimental value. Accounting for the experimental error of 3 % in determining pre-edge intensities, we find that the calculated values are in excellent agreement with experiment. Thus, a combination of Fe K-rising-edge energy position, pre-edge intensity and energy position, and TD-DFT calculations on both heme A and heme B sites shows that the H 2 O 2 -treated MauG sample frozen at 60 s is consistent with almost complete conversion of diferric MauG to bisFe(IV) MauG.
Fe K-edge EXAFS
The non-phase-shift-corrected Fourier transform spectra and the EXAFS regions for CCP-I and bisFe(IV) MauG were simulated using FEFF (Fig. 8) . The first shell of CCP-I was fit with one short Fe-O contribution at 1.69 Å and five longer Fe-N/O contributions at 1.99 Å (Table S3 ). The second and third shells were fit with single-and multiplescattering contributions from the porphyrin ring. The EXAFS fit is consistent with previously published EXAFS data and a recently published high-resolution crystal structure [18, 45] .
To obtain a good fit to the bisFe(IV) MauG EXAFS data, variable and half-integer coordination numbers were considered in addition to split-first-shell coordination (a similar data fitting protocol was employed for the diferrous and diferric MauG EXAFS data). The fits with the lowest F values are presented in Table 3 and Fig. 8, panel B . The first shell can be reasonably simulated using a single shell with 4.5 Fe-O/N contributions at 2.0 Å . However, a As shown earlier, EXAFS data and DFT calculations of diferric MauG reveal a short Fe-O(Tyr) at the heme B site. This bond distance is expected to change (likely become shorter) upon oxidation of the ferric heme B to the Fe(IV) state. Guided by the presence of a short Fe-O(Tyr) at the heme B site in diferric MauG, split three shell fits were performed on bisFe(IV) MauG. The second short Fe-O distance was optimized to 1.86 Å . Note that, although the inclusion of this component leads to only a small improvement in the error value (F), the r 2 values of all three first shell paths lead to more realistic values for short Fe-O/N paths (Table 3 ). In addition, all the paths in the first shell are within the bond distance resolution dictated by the k range (p/2Dk * 0.12 Å ). 3 Thus, the final best-fit data for bisFe(IV) MauG indicate the presence of 0.5 Fe(IV)=O at 1.69 Å , 0.5 Fe-O(Tyr) at 1.86 Å , and five Fe-N at 2.0 Å .
Density functional theory
The geometric structure of bisFe(IV) MauG determined by Fe K-edge EXAFS was complemented with DFT calculations (Fig. 9) . Models of S = 1 Fe(IV)=O heme A and S = 0, 1, and 2 heme B were generated from the crystal structure coordinates of resting state MauG in complex with preMADH. For the heme A site, the first shell is composed of a short Fe(IV)=O bond at 1.67 Å , an Fe-N(heme) at an average distance of 2.02 Å and an Fe-N(His) at 2.18 Å . For the heme B site, geometry optimizations performed for all three possible spin states (S = 0, 1 and 2) indicate that S = 1 is the lowest energy state, with the next lowest energy state, S = 0, 4.66 kcal/mol higher in energy. Thus, the S = 1 species was used in the calculations for heme B. The first shell is optimal with a short Fe-O(Tyr) at 1.85 Å , an Fe-N(heme) at an average distance of 2.00 Å , and an Fe-N(His) at 2.00 Å .
The average EXAFS signal based on the DFT calculations would result in 0.5 Fe=O at 1.67 Å , 0.5 Fe-O(Tyr) at 1.85 Å , and five Fe-N at 2.03 Å . Thus, the theoretical bond distances are in good agreement with the best fit to the experimental EXAFS data, which are 0.5 Fe=O at 1.69 Å , 0.5 Fe-O(Tyr) at 1.86 Å , and five Fe-N at 2.0 Å (Table 3) . Finally, since Fe(IV)=O heme A forms a ferryl species similar to that in CCP-I, the theoretical calculations on the heme A site are, as expected, also in good agreement with the EXAFS data for CCP-I (Table S3) . ] e Higher coordination numbers resulted in significantly worse fits f The slash before a parameter indicates that it is linked to the same parameter as its parent single-scattering path 3 Resolution is the separation at which two different metal-ligand paths can be distinguished.
Electronic structure of bisFe(IV) MauG
This study has shown that the heme A active site and CCP-I have very similar geometric structures, and that the heme A site is consistent with a six-coordinate (heme)Fe(IV)=O complex with a transaxial Fe-N(His) ligand. The ground state energy level diagram, with orbital contour plot and Löwdin compositions, is shown in Fig. S5 . The b LUMO (where ''LUMO'' is ''lowest unoccupied molecular orbital'') is a degenerate set of p * orbitals composed of Fe 3d xz and 3d yz antibonding to O 2p x and 2p y orbitals, respectively. At higher energy is the 3d x 2 Ày 2 orbital, which is nonbonding with respect to the oxo group, but has r overlap with the pyrrole N atoms of the porphyrin ring. The highest-energy 3d orbital is the 3d z 2 orbital, which forms a strong r antibonding interaction with the O 2p z orbital. The short Fe-O bond (1.69 Å ) and the strong r interaction with the O 2p z orbital lead to its destabilization relative to the Fe 3d x 2 Ày 2 orbital. This description is in good agreement with previously published theoretical descriptions of CCP-I (i.e., with a Tyr radical rather than a porphyrin cation radical) [53] .
Quantitative generation of the Fe(IV) heme B XAS spectra was achieved by subtracting the heme A component (modeled by CCP-I) from bisFe(IV) MauG (Fig. S6) . The rising-edge energy position for this unique six-coordinate Fe(IV) species is 7,124.7 eV, and is characteristic of (Fig. 10) .
In summary, experiment and theory describe the Fe(IV) heme B species as a unique S = 1, six-coordinate species with His-Tyr axial coordination, and a short Fe-O(Tyr) bond distance at 1.87 Å . Mulliken population analyses show that one of the LUMOs has a strong Fe-O(Tyr) covalent interaction with the hole predominantly on the Tyr ligand.
Discussion
MauG is a unique diheme enzyme, and uses both hemes to complete TTQ synthesis. The catalytic oxidant of MauG is a bisFe(IV) species. A Mössbauer study established that the Fig. 9 DFT geometry optimized structures of the two heme sites in bisFe(IV) MauG bisFe(IV) site contains an Fe(IV)=O and a six-coordinate Fe(IV) species; however, full electronic and geometric structure descriptions of this species have been elusive. The detailed Fe K-edge XAS and EXAFS investigation presented here bridges this gap via a combination of experimental data with DFT and TD-DFT methods, and by comparison with experimental data obtained from the wellstudied CCP-I. Heme A of the bisFe(IV) state of MauG could be thought analogous to CCP-I, if one considers that the second Fe(IV) heme has the same effect as the Tyr radical. Alternatively, it could be considered similar to compound II without a radical in close proximity [54] . In fact it is neither, as hemes A and B compose a diheme system in which the properties of each heme affect those of the other. The heme A Fe(IV)=O is described as a sixcoordinate, S = 1 species with a short Fe(IV)=O bond distance of 1.69 Å and a transaxial His ligand. In the highvalence oxidant compound I of many heme oxidases and oxygenases, an Fe(IV)=O species is accompanied by a porphyrin or amino acid radical species, giving an oxidant formally equivalent to Fe(V). In contrast, MauG stores the second oxidizing equivalent on heme B, which is oxidized to a unique six-coordinate Fe(IV) site (Fig. 11) . The similarity between the (heme)Fe(IV)=O in CCP-I and the high- In contrast, Fe(IV) heme B is an unprecedented species in biology that is shown to be a six-coordinate, S = 1 species with a short Fe-O(Tyr) bond distance and a covalent Fe-O(Tyr) bonding interaction. Experiment and theory show an interesting trend in the first-shell bond distances of heme B in the three different oxidation states; Fe(II), Fe(III), and Fe(IV). Whereas the Fe-N(heme) distances show almost no change across the series, a dramatic variation is observed in the Fe-O(Tyr) bond distance, which changes from 2.02 to 1.89 to 1.85 Å as the Fe is oxidized (Table 4 ). This significant shortening suggests that the effect of sequential oxidation is strongly localized to the Fe-O(Tyr) moiety. A relative energy level diagram corroborates this, as does comparison of the Mulliken spin populations of the frontier orbitals of heme B in the three sequential oxidation states and 4MP (used here as a deprotonated Tyr mimic) (Fig. 12 , Table 4 This means that upon oxidation of ferric heme B to Fe(IV), the hole is dominantly associated with the Fe-tyrosinate moiety. To further test this theory, Löwdin spin densities were calculated for each oxidation state of heme B. Upon going from ferrous to ferric heme B, the spin densities at Fe and Tyr increase from 0 to 0.9 and from 0 to 0.1, respectively, indicating that the oxidation is largely Fe-based, with a small amount of delocalization into the O(Tyr) ligand. On going from ferric to Fe(IV) heme B, the spin densities at Fe and Tyr increase from 0.9 to 1.3 and from 0.1 to 0.5, respectively, indicating an almost equal increase in spin density at the Fe and Tyr moieties. This supports the hypothesis that the Tyr ligand may be noninnocent in the oxidation of heme B from the ferric to the Fe(IV) state, and stabilizes the high-valence species by hole delocalization into its low-lying p-type orbitals. DFT calculations were also performed using the B3LYP functional to test if the spin polarization on the Fe and O(Tyr) was reproduced using a hybrid functional [a pure functional was otherwise used in this study, since it has been shown to reproduce better the experimental spectra and gives a more accurate geometry for the Fe(IV) site in heme A and CCP-I]. The calculations show that the spin density increases on the O(Tyr) (to 0.83 from 0.53 using BP86) and decreases on the Fe (to 1.18 from 1.32 using BP86) and on the heme (to 0.0 from 0.1 using BP86). This increase could be due to redistribution of the covalent delocalization between the Fe and heme and the Fe and O(Tyr) leading to changes in spin distribution. Nonetheless the hybrid functional also indicates spin density on the O(Tyr), indicating hole character and its noninnocent role in the formation of Fe(IV) heme B. This idea of charge delocalization into the Tyr moiety is supported by a recent theoretical study by Ling et al. [55] , who calculated the unusual Mössbauer parameters of the MauG bisFe(IV) redox state. They found that the calculated DE Q and d Fe were in good agreement with experimental data for both heme A and heme B. However, the spin density on the heme B Fe was much lower than expected for an S = 1 species, which is consistent with the Fe-Tyr charge delocalization indicated by this study. Note that the covalent Fe(IV)-O(Tyr) with strong delocalization into the O(Tyr) ligand description that is relevant here is distinct from an Fe(III)-O(Tyr)Á description. First, the XAS data clearly show that the Fe at heme B is in the Fe(IV) state, and second, DFT calculations show a strong covalent interaction between Fe and O(Tyr), indicating charge delocalization over the Fe-O(Tyr) residue. In the case of a true Fe(III)-O(Tyr)Á system, the Fe-O bond would be weaker relative to the Fe(III)-O(Tyr) bond (i.e., ferric heme B) and the covalent interaction would be limited. We recently demonstrated the functional importance of the Tyr (Tyr294) residue by studying the catalytic properties of the Y294H mutant, in which the ligated Tyr has been replaced by a ligated His [9] . Results show that although Y294H can bind to preMADH and participate in interprotein electron transfer, it is unable to catalyze TTQ biosynthesis. In the mutant, a compound I like intermediate is formed at heme A, instead of the bisFe(IV) species. This highlights the importance of the heme B site in the catalytic formation of TTQ. Since heme B is closer to the preTTQ site in pre-MADH, the bisFe(IV) state shortens the distance for longrange electron transfer from the preMADH site (Fig. 1) . The EXAFS data presented here experimentally demonstrate the active role Tyr has in the formation of the Fe(IV) at the six-coordinate heme B site. As shown by DFT calculations, the stability of the Fe(IV) is critically dependent 
